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i'he work present ly  mupprtsd  by t h i a  NAP38 grant can be placed under 

two genesmj- beedinge: 

photoaeaimton, and 2) De~0 lopmnt  OR the new rrp-xperimcontal apparatus and 

tschniquso necessary to Paeilftate t h i ~  work. 

1) Rmdereental stuciielr 0% vacuum u l t r a v i o l e t  

Pt was @osaS.bla ta a t a r t  both phases of t h i s  work bbom t h e  NASA 

suppore wag gran+&d because of rempsrary direct support granted by ARBA 

thzmgb the  C&ntwr for Inkeria2.s Research sat Stanfond University and 

bemu& ox' ava1.3.nhAllty of lerge iteras. of mravsareh apparatus furnished 

by the ~ i r r a o t  8carca1. With t h e  onaet of the XASA gmnt, work on Car, 

CuX, CuC1, the aLknli habidas, &Me, W e ,  and other XI-VI c.ml;aunds was 

pLaced U R d W  it ,  Theme materia18 w e r e  chosen alince they  are either 

grenea-tly Being  utmd %at NASA prqgr&mn as p r a c t i c a l  v l t r s v i o l s t  photo- 

cathoda matorials 01. ~ C ~ U E ~ I  thby show p r o s i g e  of being useful tie uv 

photocathodes in the future. Thq~ grime object  of the work is t o  use 

photoola%eaion end o p t i c a l  etudlies to doterertne ths electronic band sthueturn 

of tho materials. In order to do tble, it $.a eberolately necessary to 

delemino fundameotala. of t b G  photismiscivn end, because of the d e t a i l s  

of the experhtents ,  that the  effect^ of variws v8cuum conditions on t h e  

photoeatmion from the materials be oandsrsto~xj. Pn t b i s  process, i t  

should be possible to define &ha photoemission cha?ucteristics o f  tbese 

msrtericrb much 1 0 ~ 8  p m c i s e l y  thadi has beetn possible i n  the  past  and to 

make strggsst%oss as to the ways in nhP& ogtimm U L ~  phot~::athodes may be 

enginlpeawd. 
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i R  order to determine t h e  energy bend etxucturs of these m a t e r i a l s .  

Although 3ur p r b n r y  goal  i s  t h e  experimental Qetemlnation of tho band 

structure, addit ional  ramlts inelude Iaiommtion concerning the funda- 

mental ppocessest by which lfght is abrorbd and ppocesraas i n  which elec- 

h.ans lose enorsgy through scattering; thur they have strong implications 

for pract ica l  photoemirreion 8ppllcptions. We pmaent i n  this report the 

reeultff of photomlrs@iua oxpePiraDnts performed on WSe, 

8. Experbenttal Techniques 

The photorslaisrslon expepintents have besn performed on c leaved single 

crystals of hexagoxml CdSe obtained fraa Clevlte C o r p .  and SemlElenwnts. 

Experilpents have been perfomad under varibzle ambient pressures ranging 

Prom IOm4 tom to lo-' OOm. All.  e%p€lPiBW4te tit%lized 1111 Ultra high 

vacuum chamber desdribgdl by Kindig and Spieet.' 

vaarm.sonochreutor was uemdi. 

standard for m ~ s u r l n g  relaOPw l i g h t  Intensity aesmjng that  the  yield 

of the fila is constant 

A McPherson Model 225 

A sodium s a l l c y l a t e  f i l m  was used a8 a 

2 for photon energies between 6 and 12 eV.  Tbe 

absolute y f s l d  m s  measured with a Cs Sb photo t u b  calibrated by U. E. 

Sp lcer .  

3 

It 888108 appropriate to laention here same of She difficuLtles which 

we have overcome in the  Course of this research. By f a r  the g r e a t e s t  

d i f f i c u l t y  was a gr8duel decrease In  Intensity ai light f r m  mr vacuum 

monochraestor over a period of several months. The Bausch and LoDpb 

grating wan being covered w3th a f i b  of contamination, the sotarc6 of 

which was traced to t h e  hjrdrqpn discbarge lamp. T h i s  was verffbed by 

inserting a g l a s s  d i s k  near the discbarge but between the discharge  and 

the  grating. After running the Panp for about 3 hours, w e  removed t h e  

glass ard found B f i l m  ;,f cwatamination cn tbe s i d e  -;f t h e  disk nearest 



Once, h 1 I s v i ~ g  +hat w e  :!ud a ~ L m d  th3.s problem, we i n s e r t e d  a new 

gratizg i n t o  the vacuum system.  T h m  b o w s  l . a ter  'the l i g h t  intensity 

from the grating bad f a l l e n  to 0.1 percent of i t s  fomer value. We 

rs;Joved the gzat lng  and ismediately rinsed i t  w i t h  xylene. This succeeded 

in cmpletely mstorfag the grating to its B n i t i e l  condition. This is  

not always poss%blas. Tha g;rutipm(l; used prio? to iBoldlting t h e  problem was 

contaminatsd obout tan t l w s  over a period of several months. Each 

t i m e  a xylene rinse improved tbw coriditfcm of the g r a t i r i  smewhat, but 

gradually ths intensity Edecreuaed to about Q.5 percexit of that for a nevi 

gra :: 1.x I 

pic havo succeeded in cil2nlarLnatim t h i s  difficulty thrcugh the 

1. Iso use only ultra high purity gases in the lamp and :onrin:w.dy c o l d  

t rap  the gas Plno with l iqatid n i t scgen.  

'2. All nibber tubing in the gas input lis% w a s  =placed by copper tubing 

and tho gas ccmtrol valves  were placed a t  the arc lnout so that t h e  

gas line can bu kept a t  atmospbsrfc pressurn, 

3. Viton +rings are used for all vacuum malar i n  the lamp. Although the 

vncuun? manufacturer's s p e c i f i c a t i o n s  called for neophreme O.rings, we 

found that s u f f i c i e n t  heat vas produced i n  the arc to decompose these. 

4. We apply an absolute minimum of vacuunl grease to the  0 rings seals, 

particularly those nearest the discharge. Excess grease melts, flows 

i n t o  tho discharge and is vapsrl.z.ed. 

C. Experimental Results 

Wo present in Fig. I. the spectral  c3istribLti.m of the q-ran%m y i e l d  
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is c a l i b r a t e d  in G l M t i S E  per f ~ c i d e n t  photon psr electaan v o l t .  

we may canpare the number s t ' e l ~ c t r u n s  emcited to a g iven  final s t a t e  for 

various photon energies. 

Hence 

The data presented here i s  plotted 13 uni t s  03' 

electxon p s r  photon per oleetron v o l t .  

Most of t h e  stmclure in the energy d i s t r l b u t t o n  data can be under- 

stood in terns of features of the coslrductbon and valcence band etructure 

and t h e  matrix elements csmneetlng tbis stmctum. 

photon energy of 7.4 ev there ie a strong transition from i n i t i a l  tstates 

near -1.6 eV to f i n a l  rvtates near 3.8 SV prsduc iw the  peak a t  5 . $  eV 

in Fig, 2.  We i n d i c a t e  with a dagger Labeled a 1  t h e  conduction band 

densi t ,y  of s t a t e s  peak located mar 7.8 e\' by mean6 of t h e s e  measurenents. 

F 3 f  example, f O F  a 



F m  !VJ = 8.8 eV there is a strong trunaitton f rm i n i t t a l  s t a t e s  near  

- 1 . 6  eV to f i n a l  states war 7.2 eV. 

CR2 the peak of elsctroaa due to finer1 statsra near 7.2 eV,  This trans l -  

We indicate w i t h  a dagger labeled 

rsm ran be seen in b e h  tba sanpllQs pFpgs. 2> 3r and 6 ) -  For Other  

values of photon energy t h e  peak of s l e e t r o n s  duo to initial states 

m a r  -1.6 eY is indicotsd by an arrow labaled VB. 

peak, 8s e function of photon energy, is given by 

The energy of t h i s  

POT photon S R e r g i S S  7.4 and 19.6 eV them is a small peek 

of e l ec trons  whoso position in energy is given by 

The locatfon of t h i s  peak ie Indicated by the  arrow labeled IIT. For 

hv = 7.4 eV th i8  peak is due t o  tranait iona frm valesce band s t a t e s  

a t  -1.6 eV to the conduction band states  mentioned previously a t  3.8 eV. 

Pn- Y .  hv = ze.5 eY ?h%S pea!? 2s toeeta6 ?it E s 7.2 r V i  t t a  errma eoergy 5s 

the conduction band high density of states. The peak le not aeen for 

photon enmrgiee gremter than 10.6 eV. Tbe disappearance of t h i s  peak may 

be the result of selectioa zrulerr or tbcs peak may be masked by the large  

number of ularr elsctroas obeerved in the energy d i s t r i b u t i o n s  for photon 

energies greater than 10.0 eV. In either -88, the  f8ct that  t b  peak's 

location changes by anount8 less than the incremsntr i n  photon energy is 

Ind ica t ive  of dlrect  tranaf.tlons.  3 

trans i t ions .  For hv 3 8.8 sdr the peak of elsctror8 vb coincides w i t h  the  

peak of elextsons CB2 since t h e  states near -1.6 eV are c x p l a d  ts f i n a l  
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s t a t e s  Gem 7.2 ab', For higher photon enorgies the peak VB moves i n  

accordance with Eq. (1). 

the  onergy distribution for photon energies greater than about 9,6 eV, 

I f  the ph~taomiss ion  were detaminsd solely by the valence $a~;d nu" c0::- 

duction band dansbtles of sta tes ,  then QPIQ would expect the  amplitude 

of the peak CB2 to  be rr?odulated by the valence band density cf states at 

7.2 - hll QV, but not to dlsappsar e n t i r e l y .  Hence w e  co!iclude that for 

hv = 8,8 eV a lnsge fraction of t b s  electrons m a r  CB2 results 

cranct t Fc::s I 

But the peak of aloctrons CB2 dis&ppears f r o m  

ii 

frcxn d i r e c t  

&'ax pioroc; e86rfaies greater than cbcut 10.0 eV a large peak of s l o w  

01~c t r ( rn& ?y;?oars in the enorgy dis trkbict ions .  As yrsvious ly  notes, the 

quantmn yleld also begins  to r i m  for i?@ 2 10 #V for t h e  l o w  vacuum 

c.%oav&i ~ ~ i n ~ l e ,  We believe that this rLse is due to the escape of both 

primary and secondary electrons when tha primary photvs~ectrof i s  are in- 

e l n s t i c a i 1 . y  scattereds Prcm thci energy dlsl . r l .but l  o m  t t t ;  is apparent that 

i t  is :usslble for an electron to escape t h e  semlcoaCuct3r if i t  has an 

gnergy greater than aMut 5 el'. K ~ R c ~  it I s  p~ssibie io have P scattering 

evect in which both primary rpnd secondary electrons escape t x e  saniconductor 

when t h e  primary electr~n has fm mergy grsntor t.lm 1'3 aY, 

primary olectrons are photogersrral;ed, vo sxpcrct these events PJ occur 

when the photon energy $ 9  $rest-sr thar, fpboit 10 eV, 

S?nCe the  

In Fig, 5 w e  present the energy d i e t r i b t t i o n  of tl?e phnt%*emitz@d 

electrons lor hv = 21.2 3Ve Many of the photoeldctsons have bean el%cf,?a;t- 

electron sc.sttere5 to s t a t e s  near the peak is the cor.duct,',m bard a e t s t t y  

of s t z t e s  ~ 3 : .  

is bc:liov€!d to be dLx-3 to t*nna3:~-la-lu f79m s ' i icnsi tv  of c n n t c s  ai, 

-G,:) $;I t k ?  . ~ * i X ~ r k t : , ~  ::xprf, z t  ~s : J J ~ S ; , ; $ . ! I X Q  +.pa...", t k c ? ~ e  *TtaAj<zs A.K?S<A 

TRS peak of electrana lebelod F) at 8.7 easrgy ,sf 1.1.4 w 

2,'  Li??  Le e'.ec+rijp~ L :, S T C  J": 
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conduction band dsnwity ob steterr. P-!'ote that  t h e  loss of high energy 

electrons duo to $aelootl@ scattering 3s definitely less :n t h e s e  

sarpples than in those elsswt2 In t h a  pmmr vacum. 

IPKfATlhW OF PH(ykoepbYSBIoIw TO MHX? STROmLXE AkX? kEFtE;CTIVX'XY 
- - U u - s - - -  I_.--. 

We have e e t a b l h h e d  t h e  prrssenca of d i r e c t  as well madirect 

transitions i n  t h e  photoemission of CdSo. Fmthermors,  since t h e  peak 

of electrons VB ioXlws EQ. (2) over r ;xk  I large en,erQy range, I t  is 

apparent t h a t  t h e s e  stlectroas ~e8u l . t  frola nondirsct ttslns.iticms a t  most 

photon energies, ~ltbough the  strong peak in the 8.8 eV energy d i s t r i -  

bution c l @ o r i y  has a strong direct compon~nt. Tbe Barno aay be trJe 

for the 7.4 eV peak. 

4 
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We See1 t h a t  tho photomisston d a t a  are ,consistent w i t h  t h e  band 

structr:ra a t i s m  in Fig.  8. C'B1 is amoctated with t h e  conduction band 

t r a n s i t i o n s ,  a t  t h i o  time w e  am n o t  a b l e  t o  apwcif'y the l o c a t i o n  in 

the 3rillomin Zone of tSe i n i t i a l  and Pinat s t a t e a  for hv ). 7.4 elf. 

For hv = 7.4 etr the Initka.:;. sta tes  WE! near r and the f i n a l  states ape 

near Tr>, , 

6 

, rl 

The u l t r ~ v i o l e t  ref lect ivity of CdSe msasumd by Cardona is ahmn 
I 

in F i g -  12. We assign the E ge>ak In the r e f l e c t i v i t y  for b~ = 9.6 eV t o  

t,.-anstirfc3no from a t t i t o 8  in the, v i c i n i t y  of i n  t h e  conduction band. 

1 

6 

On ttm baslo  of t h e  p h o t o m i s o i o n  data we ass ign oha E peak i n  the 

r e f l e c t i v i t y  for hv = 7.5 eV t o  tronaitiQ2a from states i n  the v i c i n i t y  

2 

of r6 in t h e  valence band to fim1 states i n  the v i c i q t t y  of r 
ConductIan band. T h i s  peak la the rofLect lvt ty  has not previously 

i n  the s 

been assigned t o  aEy rwgton ob t h e  wurtztte Wri l lau in  zom, 
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F i g .  I 

Fig. 2 

F i g .  3 

Fig. 4 

Fig. j 

F i g .  6 

P i g ,  7 

F i g .  8 

Fig. 9 

Energy d i s t r i b u t i o n s  %tor aemple cleaved in D vacuum of 

lo-' torr; h v  = 7.3, 8.2, 8.8, 9.4, 9.8 e ~ .  

anergy d i s t r j b u Q i o n s  for sample c leaved  in a V I C ~ ~ I  of 

loo9 to~r: hv = 9.8, 30.2, 10.5, 11.2, li.6 t e ~ .  

Energy hQnd StmcturQ of CcEe as inferred faon photoemission 

s tud ies .  

Reflectance of CdSa masumd by Cardona (Ref. 7 ) .  
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